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B-Chiloroprene (2-chloro-1,3-butadiene; CD), which is used in the
synthesis of polychloroprene, caused significant incidences of several
tumor types in B6C3F1 mice and Fischer rats, but not in Wistar rats
or Syrian hamsters. This project investigates the relevance of the
bioassay lung tumor findings to human health risk by developing a
physiolegically based toxicokinetic (PBTK ) model and exploring a
tissue specific exposure-dose-response relationship. Key steps in-
cluded identification of the plausible genotoxic mode of action, ex-
perimental quantification of tissue-to-air partition cocfficients, scaling
of in vitro parameters of CD metabolism for input into the PBTK
model, comparing the model with in vivo experimental gas uptake
data, selecting an appropriate tissue dosimetric, and predicting a
corresponding human exposure concentration. The total daily milli-
gram amount of CD metabolized per gram of lung was compared
with the animal bioassay response data, specifically combined bron-
chiolar adenoma/carcinoma. The faster rate of metabolism in mouse
fung agreed with the markedly greater incidence of lung tumors
compared with the other rodent species. A hung tissue dose was
predicted for the combined rodent lung tumor bloassay data at a 10%
benchmark response. A human version of the PBTK model predicted
that the fung tissue dose in humans would be equivalent {o continu-
ous lifetime daily exposure of 23 ppm CD. PBTK model sensitivity
analysis indicated greater dependence of model predictions of dosim-
etry on physiological than biochemical parameters. The combined
analysis of lung tumor response across species using the PRTK-
derived internal dose provides an improved alternative to default
pharmacokinetic interspecies adjustments for application to human
health risk assessment.

Key Words: 2-chloro-1,3-butadiene; PETK or PRPK modeling;
benchmark dose; liver; lung; mouse; rat; hamster; human.
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fA-Chloroprene (2-chloro-1,3-butadiene; CD) is a chlorinated
four-carbon diene monomer used in the manufacture of poly-
chloroprene rubber. This synthetic rubber s imporiant for
antomotive applications (belis, hoses, gaskets), adhesives, wire
and cable msulation, structural shock absorbers and other load-
bearing products, dipped goods (gloves), and other manufac-
tared products (e.g., wetsuits). The global production of D is
estimated at 247.7 kt/year.” Huinan exposure may occur during
monomer synthesis, trapsport and polymerization processes.
The route of exposure is predoninantly by inhalation owing to
considerable volatility (Bp 59.4°C, vapor pressure 100 mm Hg
@ 6.4°C).

Chronic inhalation studies in B6C3F1 mice and Fischer rais
showing that CD is a muliisite carcinogen (Melnick ef al.,
1999), contrasted with the lack of tumors observed in Wistar
rats and Syrian hamsters (Trochimowicz ef al., 1998). In the
bioassay with Wistar rats and Syrian hamsters, inhalation ex-
posures were to 0, 10, or 50 ppm chloroprene (6 h/day, 5
days/week for up to 104 weeks and 72 weeks, respectively;
Trochimowicz ef al., 1998). For Wistar rats, an increased
incidence of mammary gland fibroadenoma was observed at 50
ppm. No increase in tumor incidence of any dssue type was
observed in hamsters. In a bioassay with male and female
B63CF! mice and Fischer/344N rats, exposures were to 0,
12.8, 32, or 80 ppm (6 h/day, 5 days/week for up to 104 weeks;
NTP, 1998). Tumors in mice (male and female) were observed
in the lung, circalatory system, Harderian gland, and forestom-
ach. Temors were also observed in the kidney (male mice only)
and marmmary gland, skin, mesentery, Zymbal gland, and liver
(female mice only). Tissues affected in Fischer rats included
the oral cavity, thyroid gland, and kidney (male and female),
fung (male only} and mammary gland (female only). The lung
tumor response for combined bronchiolar adenoma or carcine-
mas was greater in the male B6C3F1 mouse than male Fischer
rat {Melnick ef al., 1999; Melnick and Sills, 2001).

The mechanistic steps by which CD exposure leads to rodent
tamors, while not understood fully, strongly suggest a geno-
toxic mode of action. CD is mutagenic in bacterial reverse

* Data for 2002 from International Institute of Syunthetic Rubber Producers,
Houston, TX.
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B-CHLOROPRENE DOSE RESPONSE MODELING 29

mutation assays. Other in vitro and in vivo studies for either
gene mutation or structural chromosomal damage were nega-
tive {see review by Valentine and Himmelstein, 2001). The in
vifro microsomal metabolism of CD by cytochrome P450
oxidase produces reactive intermediate epoxides; one of these,
(f-chloroethenyljoxirane, was positive in a bacterial reverse
mutation assay, but not clastogenic in an in vifro micronucleus
screening study using cultured Chinese hamster V79 cells
(Himmelstein ef af., 2001a,b). This metabolite recently was
shown to have in vifro reactivity toward nucleosides and calf
thymus DNA (Munter e7 al., 2002). A second epoxide metab-
olite, (2-chloro-2-ethenyljoxirane, was inferred from carbonyl
compounds found as aqueous hydrolysis products of this ep-
oxide {(Cotirell ef al, 2001). The metabolic and genotoxic
profile of CD is consistent with that of the chemical analogs
1,3-butadene and isoprene. However, the physiologically based
toxicokinetic (PBTK) models developed for 1,3-butadiene or
isoprene have seen limited application {o tumor or nonimor
dose response modeling (Melnck and Kobn, 2000; Sweeney ef
al., 2001). The metabolism of CD is also analogous to ethylene
and vinyl chloside as the two-carbon analogs of each end of the
CD molecule. PBTK models have been developed for ethylene
and vinyl chloride, and successfully applied to dose response
modeling for vinyl chloride (Clewell ef al, 2002). In the
current study, the application of PBTK modeling acts as an
important tool for understanding CD uptake and metabolism
with respect o low-to-high exposure concentrations and inter-
species differences.

In the absence of definitive epidemiology studies (Ac-
guavella and Leonard, 2001), the animal bicassay data is
important for estimating the cancer risk in humans exposed o
CD. The purpose of this research is two-fold: (1) to implement
a PBTK model for use m estimating a relevant measwre of
internal dose, similar to that which has been done for other
chemicals (Clewell ef gl., 2002), and (2} to explore a biolog-
ically based approach for the CD inhalation dose-response
assessment in humans. Recent experiments comparing the rates
of CD metabolism in liver and lung microsomes provided the
metabolic parameters needed for model development (Him-
melstein ef al., 2004).

MATERIALS AND METHODS

Chemicals. Because CD is a rodent carcinogen. care was taken to handle
it using adequate ventilation and personal protective eqoipment. The soorce of
CI2 (>99%) was the same as described previously (Himamelstein ez af., 2001a,
20043, Other cheraicals used were of the highest purity available.

Animals. The selection of rodent apecies and rat strains was based on
those used in the inhalation bioassay studies. Rodents were purchased from
Charles River Laboratories (Raleigh, NC) as young adult males approximately
seven weeks of age: mice (BOC3F/CHIBR), Fischer rats (CDF(F-344)/CriBR),
Wistar rats (Crli{WHBR). and Golden Syrian hamsters (LakiLVG{SYR)BR).
Ranges of body weights at the time of gas uptake experimentation are given in
Table 1. The animals were maintained in appropriate cages with rodent chow
(Purina 5002) and water provided ad libitum and acclimated for at least 7 days
prior to use. Laboratory facilities were fully accredited by the Association for

Assessment and Accreditation of Laboratory Animal Care (AAALAC). All
procedures involving animals were reviewed by the laboratory animal care and
gse commitiee.

Partition coefficients.  Tissue-to-alr partition coefficients (PCs) were
quantified by moditying previously described procedures (Gargas et af., 1989).
Gas-tight vials (10 ml) in triplicate were prepared as reference vials or
containing blood (1 g}, lung (0.25 g), fat (0.15 g) or liver, musele, or kidney
(0.5 g). Tissues were applied directly to the vial as a smear on the vial walls,
elirainating the need for a third saline-tissue reference vial {Gargas ef al.,
1989). The vials were sealed and CD (100 ppra) was added after preheating to
37°C for 5 min in a vortex shaker {Labconco, Kansas City, MO). The vials
were manually transferred to a programmable x-y-z robotic multi-purpose
samapler (MPS2, Gerstel, Baltimore, MD) from which headspace sapiples (100
wl) were taken at 1.5, 3, and 4.5 h from the start of incubation. The gas
chromatograph (GC) peak areas were obtained by electron capture detection
using a HP68S0 GO (Agilent Technologies. Wilmington, DE). Blank vials in
triplicate were also analyzed. The partition coefficient (PC) was calculated
using the following equation:

PC = [{GC s wterence * Vo — GCamaassse * (Vo = Vi I/

v 37 N
(GCoaissne * Vissna)s

where V is the volume of the vial or tissue (Gargas ¢f af., 1989). Equilibration
was generally established between 1.5 to 3.0 ho In some cases, equilibration
was not observed in liver samples. Therefore, the time-zero intercept of the
slope of the tissue-to-air concentration ratio curve for 1.5, 3.0, and 4.5 h
samples was used to caloulate the PC (Medinsky ¢f al., 19943, For measure-
ment of the blood-to-air PC for humans, blood samples were drawn from three
healthy male adult volunteers by a certified medical technologist and analyzed
in triplicate.

Closed-chamber exposures. Exposures were conducted using & system
(Exposure System 1) described previously (Cantoreggi and Keller, 1997). The
objective of the experiments with this system was to investigate chemical
distribution with and without metabolic inhibition. Exposures were to initial
concenirations ranging from 160 to 240 ppm CD. Some animals were pre-
treated with the cytochrome P450 monooxygenase inhibitor, 4-methyl pyrazole
(4-MP, 144 mg/kg body weight; Chow ef al., 1992; Halpert et al., 1994),
prepared in saline and administered by ip injection 1 h prior o exposure.
Animals (n = 3) were placed in the exposure chamber 30 min prior to the start
of exposure. The chamber atmosphere was circulated through the system at
approximately 2.0 Vmin with a metal bellows pump (Metal Bellows, Sharon,
MA). Tubing throughout the system was stainless steel and Teflon, and the
total exposure system volume was 181 for rats and 5.6 | for mice, Oxygen was
monitored using an oxygen meter (MDA Sciemific, Lincolnshire, IL) and
carbon dioxide was scrubbed with soda lime. The concentration of CID in the
chamtber was monitored by GC/FID for up to 6 h. The inhalation system was
comnected to a gas chromatograph (Hewlett-Packard 5830 A equipped with
valve 18900 F). Samples of 250 pl were injected automatically every 10-12
min. The chromatography conditions were similar to those used for GC/FID
analysis of CD in vitre metabolism Fimmmelstein ef al., 2001a).

Additional gas uptake exposures in mice, Fischer rats, and hamsters were
conducted using another systern previously described (Evans e al., 1994;
McGee et al., 1995). The purpose of this
measure the uptake of CD over a range of initial starting concenirations, The
system differed from Hxposure Systern 1 in several ways: O, was added
automatically instead of manually; NH, was scrubbed; one rat was used per
chamber instead of three; and hamsters were substituted for Wistar rats. A
known volume of concentrated CB» vapor was added to the system having a
total volume of 3.8 1 The starting exposure concentrations ranged from
approximately 2 to 400 ppm for the mice and rats and 10 to 270 ppm for
bamsters. The chaabers were tested for leaks and considered operational when

system (Exposure System 2) was 1o

empty-chamber loss rates were = 5%/h. Oxygen in the chamber was moni-
tored continuously using a silver-electrode probe (Model 3300, MDA Scien-
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30 HIMMELSTEIN ET AL.

TABLE 1
Physiological Parameters Used for Chloroprene PBTK Modeling

Species
Physiclogical parameters Mouse Fischer rat Wistar rat Hamster Human

Values for dose-response niodeling

Body weight (kg)”” 0.03 0.25 0.25 0.11 70

Ventilation (Wh/kg™ ™" 30 21 21 30 16.2

Cardiac output (Wh/kg®*y*" 30 18 18 30 16.2
Values for simulation of closed chamber gas uptake data

Body weight (kg)* 0.024-0.034 0.16-0.28 0.20-0.34 0.10-0.18 na

Ventilation (Mh/kg"™)’ 15 10.5 10.5 i2 na

Cardiac output (Vh/kg™™)* 15 9 9 12 na
Tissue volames as fraction of body weight™’

Liver 0.055 0.04 0.04 0.04 0.026

Fat 3.05 0.07 0.07 0.07 0.214

Rapid perfused 0.035 0.05 0.05 0.05 0.077

Slow perfused 0.77 0.75 0.75 0.75 0.561

Lung 0.0073 0.005 0.005 0.005 0.0076
Blood flow as fraction of cardiac output™

Liver 0.161 0.183 0.183 0.183 0.227

Fat 0.07 0.07 0.07 0.07 0.052

Rapid perfused 0.51 0.51 0.51 0.51 0.472

Slow perfused 0.15 0.15 0.15 0.15 0.249

Note. na, not applicable.

“Parameters for mouse, rats, and human based on Brown ef al. (1997). Hamster ventilation, cardiac output, tissue volume, and tissue blood flow values were

based on the mouse and rat.

“Values vsed for dose response modeling based on average body weight data from chronic inhalation studies and assumption that Hterature values based on

Brown e al. (1997) for ventilation and cardiac output are representative of repeat inhalation exposure conditions.

“Values used specifically for simulation of closed chamber gas uptake data.

“Tissue volumes and blood flows are calculated by the model with resulting units of Hters (1) and U/h, respectively.

tific, Lincolnshire, IL) and maintained between 19 and 21%. CO, and NH,
were rernoved by circulating the system air through soda lime (Fluka) and
sodium citrate (Aldrich), respectively. Animals were acclimated for 60 rain
prior to the introduction of test vapor. Chamber CD concentrations were
monitored starting 10 min after vapor introduction and then every 10 min antil
the end of the exposure. An automatic gas sampling valve (250 uly was vsed
to introduce chamber air into the gas chromatograph for analysis by flame
ionization or electron capture detection {Hewlett-Packard 589%0A or Agilent
6890). The GC conditions were similar to those used for in vitro experiments
(Himmelstein ef al., 20013},

Moaodel development. A standard PBTK model was developed following
the format used by Ramsey and Andersen (1984). The model consisted of
distinct compartments for liver and lung, as well as lumped compartments for
fat, slowly and rapidly perfused tissues (supplementary figure 1 is available at
bttp/roxsci.oupjournals.org). Individual tissues were modeled as homogenous,
well-mixed compartments connected by the systemic ciroulation. Modeled expo-
sures ooccurred via partitioning into the arterial blood in the lung (Andersen ef al.,
19873, Metabalisin of CD was localized to the lung and the liver compartments
and described by Michaelis-Menten type saturable enzyme kinetics. The model
was used to estimate the CID concentration in each of the defined compartments as
well as the blood. Model simulation was conducted using the Advanced Contin-
uous Simulation Language (ACSL version 11.84. Aligis Technologies Group,
Huntsville, AL} The model code is available upon request.

Standard physiologic values were used to parameterize the model {Table 1),
Tissve-to-blood partition coefficients were calcolated from the experimental
tissue-to-air values. The in vifro metabolism parameters for total CID metab-
olisny in liver and lung from Himmelsiein ef al. (2004) were scaled using
mricrosomal protein content to vield in vivo parameters (Table 2). Microsomal

protein content values for different species were derived from the literature.
Reported liver protein concentrations were divided by a recovery factor of .32
reported for loss incurred because of the ultra-centrifugation preparation of the
microsomes (Joly ef al., 1975). The values for liver were 35, 49, and 56.9 mg
microsomal protein/g of tissue for mouse (Csanady et ai., 1992, Medinsky e?
al., 1994), rats (Baarnhielm e al., 1984: Boogaard et al.. 2000; Chiba ¢t al.,
1990; Csanddy of al., 1992; Joly ¢t dl., 1975), and humans (Lipscomb ¢t 4l.,
2003a,b), respectively. The microsomal protein content for rats was used for
the hamster. For lung microsomes, 23 mg microsomal protein/g tissue was
used for all aniiaal species assuming a protein recovery factor of 0.11 (Boo-
gaard et al., 2000; Medinsky ef al., 1994; Smith and Bend, 1980).

Gas uptake data were modeled by calculating the €D conceniration in the
chamber and subiracting the amount taken up by the animal. The physiological
and metabolic parameters obtained from in vifro experimentation were not
adjusted except for the alveolar ventilation (QPC) and cardiac output (QCC) as
needed to adequately fit the experimental gas gptake data.

Dose response gnalysis.  The selection of the tissue dosimetry endpoints
followed the approach reconunended by Clewell ef al. (2002). Because the
known aetabolism of CD involves two epoxide metabolites, but only one
metabolite could be quantified in vitro (Himmelstein ef al., 2004), the dosi-
metric was based on the average daily total metabolism of CIJ divided by the
tissue volume for liver or lung. The tissue dose definitions were milligram
“amouvnt-metabolized-parent-chemical” per gram of tissue per day in the hiver
(AMP} and lung (AMPLU). These were later calculated at the appropriate
external rodent bivassay concentrations, PBTK model parameter sensitivity
analysis for AMP and AMPLU were conducted using ACSL Math and Opti-
mize version 2.5.4 (AEgis Technologies Group). Sensitivity coefficients, de-
fined as the percent change in the prediction of inferest as a result of a 1%
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FIG. 1. In vivo closed chamber gas uptake of chloroprene: Experimental

data (synibols) and model simulations (lines) representing control loss from
deceased rats (8, solid square), rats pretreated with 4-methyl pyrazole (9, solid
diamond), or untreated (¥, inverted solid triangle}. The target starting concen-
tration was 200 ppm {actoal range was 160 to 240 ppm for three animals per
chamber and one chamber per exposure. Data were collected using Exposure
System 1 desecribed in the text.

increase in a given parameter value, were determined during steady-state
exposure conditions and were normalized as recommended in Hasterling et al.
(2000) to correct for a known flaw in the computational algorithm. Only
parareters with a sensitivity coefficient greater than 0.01 {1%) were consid-
ered to have a significant effect on the particular dosimetric.

AMPLU was selected for comparison with the incidence of combined
bronchiolar adenoma/carcinoma in male rodents (Melnick e al., 1999; Tro-
chimowicz ef al., 1998). A dose response analysis for rodent liver was not
possible because of a bacterial infection in the bicassay with male B6C3F1
mouse and the absence of a response in the male Fischer rat. The NTP (1998)
concluded that the infection in male mice did not adversely affect the tumor
responses in other tissues, The lung tumor incidence data for the BOC3F1
mouse and Fischer rat were the values corrected for intercurrent mortality
using the ‘poly-3" swrvival adjustment (Melpick ef al., 1999) or the fotal
pumber of Wistar rats or Syrian hamsters examined (Trochimowicz et al.,
1998). The incidence data were corrected for exira risk equal to (P, — Pyl —
Py, where P is the probability of tumor incidence in “i” exposed and “o”
control animals. Benchmark dose (BMDD) modeling was performed using the
multistage model of the USEPA Benchmark Dose Software (version 1.3.1) and
a benchmark response of 10%. Initially. the analyses were performed with the
definition of “dose” as exposure concentration (ppm) prior to adjustment for
metabolism. Goodness of fit was based on viseal inspection of the resulting
graphical data and acceptance of a BMD p-value greater than 0.01,

The benchmark internal dose 95% lower hound (BMDL10%) was converted
to a human equivalent exposure concentration (ppia) using the PBTK model.

Human dosimetrics were also simulated over a wide range of CD exposure
concentrations for continoous and discontinuous exposure scenarios. Human
model exposures were ron for up to two years. The 10%
corresponding to hurnan exposure was determined by ronning the buman
PBTK model continuously {24 h/day, 365 days/year for two years) or discon-
tinuously for two common workplace shift schedules {e.g., 8 h/day. 5 days/
week or 12 b/day, 3 days/week for two years). Full lifetime exposure of 70
vears {or 40 vears for occupational exposure) was not necessary because the

extra tumor risk

dosimetrics were calculated on a per day basis and reached a constant value
after two simulation days.

RESULTS

Model Development

The three key steps of model development were the compi-
fation of hterature physiological parameters, calculation of
metabolic parameters, and guantification of tissue-to-air PCs
{Tables 1-3). The tissue-to-air PCs in Table 3 were entered
into the PBTK model where they were transformed to tissue-
to-blood PCs. Tissue-to-blood PCs were similar across animals
and tissue types. The range of values were lung {1.0-2.9] ~
fiver [1.1-2.3} ~ muscle [0.5 to 1.0] ~ kidney [0.9 to 2.6] <
fat [14-28]. PCs were evaluated in the model sensitivity anal-
ysis described below, and predictions of AMP and AMPLU
were sensitive {0 the blood-to-air PC and not PCs for the other
tissues.

Data from the closed chamber gas uptake exposures were
compared with model simulations of the declining chamber
concentration. Inhibition of uptake was achieved with 4-MP
pretreatment indicating that the dechine of the CID chamber
concentration was doe to cytochrome P450 monooxygenase-
mediated metabolism (Fig. 1). The difference between cham-
ber control loss and metabolic inhibition represenied uptake
due to chemical distribution. A satisfactory model description
for inhibition was obtained by setting the Vmax (Table 2) to
zero for both liver and lung metabolism (Fig. 1). Exposures
over a wider range of starting exposure concentralions using

TARBLE 2
Metabolic Parameters

Species
Biochemical Fischer Wistar
parameters” Mouse  rat rat  Hamster Homan Units

Liver metabolism

Vinax 39.2 1150 155 42.8 2.1 mg/h/kg bw

Km 0.091 0047 0075 0118 0.060 mg/l

Vmax/Km 431 244 208 363 152 VUh/kg bw
Lung metabolism

Vinax 102 e e e mg/h/kg bw

Km 0.13 e e e mg/l

Vinax/Km 7.67 0.14 .14 .14 .14 Uhkg bw

“Scaled from Hiramelstein of al. (2004) using microsomal protein contents
described in the text.
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32 HIMMELSTEIN ET AL.

TABLE 3
Tissue-to-Air Partition Coefficients

Tissue-to-air partition coefficients (mean = SEY”

Tissue Mouse Fischer rat Wistar rat Hamster Human
Blood 7.8 = 0.1 7.3 =01 8.0 =05 93 =03 45+ 0.1
Lung 18.6 = 5.1 13.5 = 1.6 11.2 205 9.7 = 0.6 133 £ 4.1°
Liver 9.8 = 0.9 115203 1 =32 10.5=05 107 = 1.1°
Fat 1353 £ 1.6 1240 = 1.5 1263 £ 1.4 130.1 = 0.9 1289 = 2.7°
Muscle® 4.6 = 0.3 4.4 = 0.4 5.0=02 45+ 1.0°
Kidney® 13.7 = 0.6 16.7 = 0.6 82 =03 12,0 = 0.9°

“Mean = standard error (SE) for three replicates per rodent tissue unless noted otherwise.
"Human CD blood value for nine replicates (three subjects, three vials/subject).

“Means and SE derived from rodents; the SE was adjusted to account for the proportion of variation from each set of rodent data.

“Used to represent the slowly perfused tissue group.
“Used for the rapidly perfused tissue group.

the B6C3F1 mouse, Fischer rat, and hamster also demonstrated
good agreement with model simulations (Fig. 2). The range of
starting concentrations were selected to span above and below
the bioassay concentrations.

:;3.‘* A {Mouse}
00 3 '
104
1
E
e
k=
o~ g
g 100 ]
E 3
5
& 104
[ oad 3
(]
2 E
&
& e
g 3 H \ - F T 1
ey
]
H ’ ] ]

Hours

FiG. 2. fn vivo closed chamber gas uptake of chloroprene: Mean experi-
mental data (symbols) and model simulations (lines) for (A) BOC3E] mouse at
initial concentrations of 2, 10, 50, 270, or 363 ppm (three animals per chamber,
two charabers/exposure), (B) Fischer rat at 2, 11, 58, or 433 ppm (one animal
per chamber, two chambers/exposure), and () hamster at 8, 41, 178, or 267
ppa (one animal per chamber, fowr chanibers/exposure). Data were collected
using Exposure System 2 described in the text.

For both exposure systems, in vifro scaling of total CD
metabolism was sufficient to explain the in vivo gas uptake
data. The alveolar ventilation and cardiac output values used
for simulation of the experimental gas uptake data were lower
than the standard values used for dosimetry modeling (Table
1). The adjustment for the gas uptake simulations gave values
for alveolar ventilation that were consistent with those used for
modeling of various chemicals (Johanson and Filser, 1992;
Medinsky ef al., 1994). Plausible explanations proposed by
Johanson and Filser (1992) for using approximately 60% of the
theoretical alveolar ventilation values reported by Arms and
Travis (1988) included reduced ventilation due (o sensory
irritation, absorption and desorption by the upper airways, or
anesthetic effects. For dosimetry modelimg, the decision was
made (o assume the standard ventilation and cardiac parame-
ters based on Brown ef al. (1997) given the possibility that
these parameters were more appropriate for estimating uptake
and metabolism associated with bicassay conditions involving
repeated whole body exposure.

Internal Dose

The known lung tumor incidence in male B6C3F1 mouse
and the male Fischer rat, and the major role that the liver has
in the overall metabolism of CD drove the selection of these
tissues for internal dose estimation. A key finding was that
the internal dose for total CD metabolism per gram lung per
day was greater in the mouse than in the rats or hamster
(Table 4). The liver internal dose (AMP) was linear over the
range of the bicassay concentrations (data not shown). The
lung internal dose (AMPLU) was linear for the rats and
hamster but suggests saturable behavior for the mouse (Ta-
ble 4}. As noted above, a Helicobacter infection in the male
B6C3AT! mouse bioassay excluded the use of the liver tumor
incidence for dose response analysis (Melnick ef al., 1999).
The NTP (1998) assumed that the infection did not alter the
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35%0Y//:d13Y WOIJ PaprofuMO(]

OJXO'L

9107 ‘¢1 1sn8ny uo 159n8 £q /F10 sjemmofpio



B-CHLOROPRENE DOSE

TABLE 4
Exposure-Dose-Response for Rodent Lung Tumors

Exposure PETK Lung Number Extra risk
concentration  internal turnor of incidence
Species {ppm} dose”  incidence animals (%"
Haster”
0 0 0 100 0
10 .18 0 97 0
50 0.88 0 97 0
Wistar rat’
[y 0 0 97 0
10 0.18 0 13 0
50 0.89 0 100 0
Fischer rat”
[ 0 3 50 0
12.8 0.22 3 50 0.3
32 0.55 6 49 77
80 1.37 9 50 14.0
B6C3FT mouse”
0 0 15 56 G
12.8 3.46 32 56 483
32 5.30 40 56 76.4
80 7.18 46 50 29.9

“Internal dose = average daily mg CD metabolized/g lung tissue (AMPLU).
"See text for explanation of extra risk calculation,

“Male Hamster and Wistar rat data from Trochimowicz of af. (1998).
“Male Fischer rat and B6C3FT mouse data from Melnick et al. (1999).

response of other tumor types, thus metabolism was as-
sumed to be unaltered as well.

Sensitivity Analysis

Sensitivity analysis showed that parameters such as the
blood-to-air partiion coefficient, ventilation rate, cardiac out-
put, liver blood flow, and body weight had sensitivity coeffi-
cients greater than 0.2 (20%). and thus were most important for
estimating how much daily average metabolism of parent
chemical ocemrred in cach tissue (Fig. 3). The kinetic param-
eters for lung metabolism also were found to be significant for
the mouse; but this was not the case for the first-order Kinetic
parameters of lung metabolism used for the other species
(Table 2), despite the fact that the lung receives 100% of the
total blood flow. The analysis also indicated that CD metabo-
lism in the liver was limited by mass transport (blood flow)
rather than metabolism.

Model Application

The procedure for model extrapolation from rodents (o hu-
mans was consistent with the description provided by Clewell
et al. (2002). The concepis of dosimetry modeling described by
Clewell ef al. (2002} also supported the use of total metabolism
in the current context independent of animal species and met-
abolic product. A key assumption was that total CD metabo-
lism leads to reactive metabolites. Combining the tumor re-

RESPONSE MODELING 33

sponsce data across species {or dosimetry modeling was sivmlar
to the approach used by Kirman ef o/l (2000) w evaluate how
differences in sensitivity may be related to metabolism and {o
aid cross species extrapolation. Applicability of the PBTK
model was clearly demonstrated by relating lung metabolism to
lung tumor response. No interspecies dose response was evi-
dent using exposure concentration {(ppm) as the applied dose
(Iig. 4). When internal dose AMPLU was used, the greater
metabolism in the male mouse lung correlated with the greater
magnitude of response relative to the rats and hamster. The
93% lower bound internal dose corresponding to a 10% exira
tumor risk (BMDIL10%) from the combined B6C3F1 mouse,
Fischer and Wistar rat, and hamster incidence data was 1.3 mg
CD metabolized per gram tissue per day. Human simulations
were performed from O to 1250 ppm to identfy exposure
concenirations equivalent to the BMDL10% internal dose. The
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FiG. 3. Sensitivity analysis showing normalized coefficients for total

chloroprene metabolism by the liver (A) or lung (B), obtained during steady
state exposure to chioroprene. Similar coefficients were obtained at 12.8, 32, or
&0 ppm chloroprene exposure; data ave shown for the 32 ppm exposure. Only
normalized coefficients showing a change greater than a 0.01 {1%) in the
respective dosimetric prediction are presented. These include Vrmax and Km
for lung metabolistn (VMAXCLUI, KMLUT}, the blood-to-air partition co-
efficient (PB), alveolar ventilation {(QPC), cardiac output (QCC), liver blood
fiow (QL.C). and bodyweight (BW). Units are given in the respective parameter
tables.
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FIG. 4. Multistage benchmark dose (BME10%) model with 95% con-
fidence level (BMDL10%) for fraction of animals affected by lung tumors.
Fraction affected as extra risk compared with external exposure concen-
tration (panel A} or internal dose of chloroprene metabolism {(panel B) in
the lung. Panel B includes curves for BMD and BMD 95% lower bound and
model derived confidence intervals for the respective exira risk values. The
BMD model p-value was 0.0107; only the BMD curve is given in panel A
due to poor fit (BMD p-value = 0.0000). The fraction affected which was
corrected for extra risk and the derivation of internal dose is described in
the text.

human model simulations of total CD metabolism in lung or
liver were normalized on a per day basis and reached a con-
stant value after two simulation days, indicating that the
length of the simulation was not a factor in the predicted
internal dose. Values for AMPLU were the same after two
days or two years. The human AMPLU was linear to 5300 ppm
CD (data not shown). Three relationships for the human in-
ternal dose AMPLY) and the human equivalent concenira-
tion up to 200 ppm are shown in Figure 5; one for continuous
exposure (24 h/day), and two for discontinuous exposure as
8 b/day or 12 h/day shift work. External exposure concenira-
tions, corresponding to the same BMDL10% were 4.3 10 4.7
times greater for the discontinuous exposures compared with
continuous exposure. The resulting estimates of external expo-
sure concenirations for continnous and discontinuous expo-
sure, which are equivalent {o titne weighted average concen-
trations, can be used as points of departure for subsequent risk
assessment.

HIMMELSTEIN ET AL.

DISCUSSION

The results of this study demonsirate an inferspecies esti-
mate of lung tumor risk through the combination of PBTK
modeling and BMD analysis. The PBTK model development
was undertaken with the knowledge that exposure concentra-
tion was not the best dosimeter (Fig. 4A). For example, the
extra risk incidence of male mouse lung tumors was greater
than 48% at the lowest hioassay concentration of 12.8 ppm.
The shape of the dose response curve at lower exposure con-
centrations could pot be described reliably given this high
incidence (EPA, 2000). Accounting for the species differences
in hung metabolism among the rodents provided a more com-
plete view of the low dose-response region and the ability to
exirapolate the dose response curve to humans using in vifro
metabolism data specific for each species. The current PBTK
model specifically accounted for CD uptake due to distribution
and metabolism. In this manner the current model captured the
flux of CD to its metabolites. In vifro metabolism stadies in this
laboratory and by others (Cottrell ef al., 2001; Himmelstein ef
al., 2001a) identified two epoxide metabolites, but the quanti-
tative kinetic rates describing the balance of formation and
climination are still wvncertain (Himmelstein ef al, 2004).
Hence the development of PBTK submodels and the potential
direct use of epoxide dosimetry would require further extensive
experimentation.

The selection of PBTK model parameters was dependent on
the suspected mode of action in the animal species used in the
bioassay studies. To the extent possible, metabolic and parti-
tioning parameters were guaniified in human tissues using a
parallelogram approach that has been applied o other chemi-
cals (e.g., Usanady ef al., 1992; Medinsky ef al., 1994). Results
for the tissue-to-air partiion coefficients were consistent with

4 ;
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External human equivalent concentration (HEC, ppm)
FiG. 5. Chloroprene inhalation human equivalent conceniration for 10%

extra risk (HECe). The HEC relates to the rodent derived internal dose
(BMDL 10%) generated from the PBTK model.
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valaes reported by Gargas ef al. (1989) for a variety of volatile
organic chemicals, who generally observed 1.5 to 2 fold higher
blood-to-air partition coefficients in rat blood compared with
human blood. These parameters, and the physiological param-
eters adopted directly from Brown ef al. (1997} carried the
least inherent uncertainty. One exception was the reduced
alveolar ventilation and otal blood flow values required for
simudation of the closed-chamber gas uptake concentration
data. This modification was consistent with values for alveolar
ventilation used in the gas uptake hiterature for various volatile
chemicals (Johanson and Filser, 1992; Medinsky ef af., 1994).
The lowering of alveolar ventilation paired with cardiac output
reduced the uptake of CD and gave the best overall description
of the gas uptake data. Changing the scaled metabolic paran-
eters to increase or decrease uptake was not performed because
the kinetic parameters were determined experimentally. The
gas uptake experiments in the current project served to verify
the scaled in vitro metabolism parameters. The in vivo Vmax
valaes for CD compared reasonably well with those for vinyl
chloride and 1,3-butadiene (1.1 and 3.2-12.8, respectively,
versus 9.1 mg/h/kg body weight for CID). The Km values were
also generally consistent with values of 0.04, 0.11-0.28, and
(.06 mg/l (Medinsky ef al., 1994; Reitz ef al., 1996; Sweeney
et al., 2001}, The liver was the major contributor to total body
metabolism based on comparison of Vmax/Km with liver
blood flow. For example. the Vmax/Km (152 Vivkg) was
considerably greater than liver flow calculated from Table 1
(L8 Uh/kg = 16.2°7 * 0.227) for the human. Thus, the overall
metabolism is most likely limited by blood flow perfusion as
reported for other cytochrome P450 monooxygenase volatile
substrates (Lipscomb ef al., 2003b; Sweeney ef af., 2001).
Scaling in vifro metabolism from liver and lung microsomal
fractions is a generally accepted practice, but introduces model
uncertainty. The uncertainty comes from the correction factor
for loss of protein during cenirifugal preparation of the micro-
somal {ractions. Reasonable estimates were available for liver
and lang from the Hterature (sec Materials and Methods).
Recent experiments describing the recovery of human liver
microsomal protein provide additional confidence for protein
scaling (Lipscomb et af., 2003a). The same investigators have
also concluded that unsaturated metabolism of trichloroethyl-
ene by cytochrome P450 monooxygenase is flow limited, more
than likely minimizing any major impact of microsomal pro-
tein content on metabolic variation (Lipscomb et al., 2003b).
Sensitivity analysis for the current study adds an additonal
perspective that physiological parameters were more important
than metabolic parameters for prediction of internal tissue dose
AMP and AMPLU associated with cytochrome P430 mono-
axygenase mediated metabolism of CD (Fig. 3). Using pooled
human liver and lung microsomal fractions is also a source of
uncertainty n that this approach does not account for the
impact that buman interindividual variation might have on
metabolism. Further considerations of model uncertainty be-
yond this current effort may be needed if data from pooled

microsomes are considered insufficient for application to risk
assessment.

The vse of PBTK-derived CB tissue dosimetry for exposure-
dose-response modeling for this project was similar (o previous
descriptions of dichloromethane and vinyl chloride (Andersen
et al., 1987; Reitz ef al., 1989, 1996). In both cases, PBTK
models were used to derive life-time average daily production
of metabolite divided by liver tissue volume. The significant
finding from the current project was that BMD modeling based
on CD metabolism in lung tissue (AMPLU) described the
greater mouse lung tumor incidence compared with other ro-
dents. Overall metabolism by lung was considerably lower
than metabolism by the liver. The exposure-dose-response
modeling was applied to the predictions of AMPLU and cor-
responding external human equivalent exposure concentrations
for CD from continuous and discontinuous exposure sceparios
(Iig. 5).

Despite the less than complete understanding of mechanisms
leading to tumor development, the mode of action for CD-
induced tumorigenicity most likely involves metabolic activa-
tion and genotoxicity due fo interaction with DNA and other
cellular components (see Introduction for Literature cited). The
mode of action appears to be similar to chemical analogs
1,3-butadiene and isoprene (Himmelstein ef al., 1997; Watson,
2001y, For example, 1,3-butadiene exposure caused hng to-
mors in the B6C3F! mouse. For CD, the plausible mode of
action and the greater mouse lung tumor response relative to
the other rodents wndicate the acceptability of the available data
for risk extrapolation. The approach used generally adhered to
the principles described in the EPA carcinogen risk assessment
guidelines (EPA, 2003). One key step was pooling of the
rodent lung tomor response data. Successful cross-species
pooling of response data using PBTK modeling was recently
demonstrated for acrylonitrile-indoced brain tumors in rats
(Kirman ef ¢f., 2000). The internal dose measure (AMPLU) for
CD greatly improves the understanding of the lower lung
tumor response for the Fischer rat and lack of response for the
Wistar rat and Syrian hamster compared with the B6C3F1
mouse. Strain differences in detoxification of the reactive me-
tabolites, which the current model does not address, may
explain the greater sensitivity of the Fischer rat compared with
the Wistar rat. Nonetheless, the results provide a much better
description of interspecies dose response in the 10% percent
extra tumor risk range that is considered representative of the
range of sensitivity for bioassay studies.

In conclusion, development of a haman PBTK model, in
conjunciion with corresponding physiological, partitioning,
and metabolic parameters in rodents, led o a useful demon-
stration of exposure-dose-response modeling. PBTK simula-
tion of condinuous exposure in humans predicted an extemal
concentration of 23 ppm CD to match the corresponding in-
ternal dose BMDL10% from all the rodent lung tumor data.
Discontinuous workplace exposure resulied in approximately 4
to 3 fold higher external exposure concentrations. These hu-
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man equivalent concentrations could serve as poinis of depar-
ture for exirapolation to an acceptable risk range.

ACKNOWLEDGMENTS

The International Iastitute of Synthetic Rubber Products sponsored this
reaearch, but the analyses and conclusions are those of the authors. Sponsoring
companies included Bayer AG, Denka Corporation, DuPont Dow Elastomers,
Enichem Elastoméres France, and the Toscoh Corporation. The authors greatly
appreciate the valuable discussions with Chris Kirman of The Sapphire Group
and Dirs. Matthew Bogdanffy, Gary Jepson, Raymond Kemper, Timothy Snow.
and Rudolph Valentine of DuPont Haskell Laboratory. Carol Mitchell and
Randy Harrison provided expert technical assistance at the EPA NHEERL.

REFERENCES

Acquavella, J., and Leonard, L. (2001). Review of epidemiologic research on
1.3-butadienc and chloroprene. Chem.-Hiol. Interact. 135-136, 43-52.

Andersen, M. E., Clewell, H. 1., 3rd, Gargas, M. L., Smith, F. A., and Reitz,
R. H. {(1987). Physiologically based pharmacokinetics and the risk assess-
ment process for methylene chloride. Toxicol. Appl. Pharmacol. 87, 185~
205.

Arms, A. D, and Travis, C. C. (1988). Reference physiological parameters in
pharmacokinetic modeling. US Environmental Protection Agency, Wash-
ington, DC, Report no. HPA 600/6 -85/004.

Baarnhielm, .. Skanberg, 1., and Borg, K. O. {1984). Cytochrome P-450-
dependent oxidation of felodipine—a 1,4-dihydropyridine—to the correspond-
ing pyridine. Xenobictica 14, 719-726.

Boogaard, P. J., De Kloe, K. P, Bierau, 1., Kuiken, G., Borkulo, P. E. D, and
Van Sittert, N. J. (2000). Metabolic inactivation of five glycidyl ethers in
tung and liver of homans, rats and mice in vitro. Xenobiotica 30, 485-502,

Brown, R. P., Delp, M. 3., Lindstedt, S. L., Rhombergz, L. R.. and Beliles, R, P.
(1997). Physiological parameter values for physiologically based pharma-
cokinetic models. Toxicol. ind. Health 13, 407-484.

Cantoreggi, 3., and Keller, D. A, (1997). Pharmacokinetics and metabolism of
vinyl fuoride in vivo and in vitro. Toxicol. Appl. Pharmacol. 143, 130139,

Chiba, M., Pujita, 5., and Suzuki, T. (1990}, Pharnacokinetic correlation
between in vitro hepatic microsomal enzyme kinetics and in vivo metabo-
lism of imipramine and desipramine in rats. J. Pharm. Sci. 79, 281-287.

Chow, H. H., Hotchaleelaha. A, and Mayersohn, M. (1992). Ishibitory effect
of 4-methylpyrazole on antipyrine clearance in rats. Life Sci. 58, 661666,

Clewell, H. 1., 3rd, Andersen, M. E., and Barton, H. A. (2002). A consistent
approach for the application of pbarmacokinetic modeling in cancer and
noncancer risk assessment. Environ. Health Perspect. 118, 85-93.

Cottrell, L, Golding, B. T., Munter, T., and Watson, W. P. (2001}, In vitro
metabolism of chloroprene: Species differences, epoxide stereochermistry
and a de-chlorination pathway. Chem. Res. Toxicol, 34, 15521562,

Csanddy, G. A., Guengerich, F. P., and Bond, J. A. (1992}, Comaparison of the
biotransformation of 1.3-butadiene and its metabolite, butadiene monoep-
oxide, by hepatic and pulmonary tissues from humans, rats and mice,
Carcinagenesis 13, 1143-1153. Emratum in Carcinogenesis 14, 784.

Easterling, M. R., Evans, M. V., and Kenyon, E. M. (20003, Comparative
analysis of software for physiologically based pharmacokinetic modeling:
Simulation, optimization, and sensitivity analysis. Toxicol. Methods 18,
203-229.

EPA (20003, DRAFT Benchmark Dose Technical Guidance Document (Ex-
ternal Review Diraft, October 20003, EPA/GI0O/MR-00/001. ULS. Environmen-
tal Protection Agency, Risk Assessment Forum, Washington, DC, pp. 1-87.

EPA (2003}, DRAFT Final Guidelines for Carcinogen Risk Assessment (Ex-
ternal Review Draft, February 2003). Other NCEA-F-0644A. 03 Mar 2003,

36 HIMMELSTEIN ET AL.

U.S. Environmental Protection Agency, Risk Assessment Forum, Washing-
ton, DC, pp. 1-125.

Hvans, M. V., Crank, W. D, Yang, H., and Simmons. J. E. (1994). Applica-
tions of sensitivity analysis to a physiologically based pharmacokinetic
maodel for carbon tetrachloride in rats. Toxicol Appl. Pharimacol. 128,
3644,

Gargas, M. L., Burgess, R. J,, Voisard, . E.. Cason, 3. H., and Andersen,
M. E. (1989}, Partition coefficients of low-raolecular-weight volatile chem-
icals in various liquids and tissues. Toxicel. Appl. Pharmacol. %8, 87-99.

Halpert, J. R.. Guengerich, F. P., Bend, I. R., and Correia, M. A. (1994).
Selective inhibitors of cytochrome P450, Toxicol. Appl. Pharmacol. 125,
163-175.

Himmelstein, M. W., Acquavella, J. F., Recio, L., Medinsky, M. A., and Bond,
I A (1897). Toxicology and epidemiology of 1,3-botadiense. Crit. Rev.
Toxicol. 27, 1-108.

Himmelstein, M. W, Carpenter, S. C., Hindesliter, P. M., Snow. T, A., and
Valeptine, R. {2001a). The metabolism of beta-chloroprene: Preliminary
in-vitro studies using liver microsomes, Chem.- Biol. Interact. 135-136,
267-284.

Himmelstein, M. W, Gladnick, N. L., Donner, E. M., Snyder, R. ., and
Valentine, R. (2001b). In vitro genotoxicity testing of (1-chloroethenyvhox-
irane, a metabolite of S-chloroprene. Chem.-Biol. Interact. 135-136, 703~
713,

Himmelstein, M. W., Carpenter, 3. C., and Hinderliter. P. M. (2004). Kinetic
modeling of S-chloroprene metabolismu: I In vitro rates in Hver and long tissue
fractions from mice, rats, hamsters, and hmans, Zoxicol. Sci. 79, 18-27.

Johanson, G., and Filser, §. G, (1992). Experimental data from closed chantber
gas uptake studies in rodents suggest lower uptake rate of chemical than
calculated from literature values on alveolar ventilation. Arch. Toxicol. 66,
291-295.

Foly, 1. G., Doyon, C.. and Peasant, Y. (1975). Cytochrome P-450 measure-
ment in rat liver homogenate and microsomes. Its use for correction of
microsomal losees incurred by differential centrifugation. Drug Metab.
Dispos. 3, 577-586.

Kirman, C. R, Hays. 5. M., Kedderis, G, L., Gargas, M. L., and Strother, D. E.
(2000}, Improving cancer dose-response characterization by using physio-
jogically hased pharmacokinetic modeling: An analysis of pooled data for
acryloniirile-induced brain tumors to assess cancer potency in the rat, Risk
Andl. 26, 135-151.

Lipscomab, §. C., Teuschler, L. K., Swartout, J. C., Popken, 1., Cox, T., and
Kedderis, G. L. (2003b). The impact of cytochrome P450 2E1-dependent
metabolic variance on a risk-relevant pharmacokinetic outcone in humans.
Risk Anal. 23, 12211238,

Lipscomb, J. C.. Teuschler, L. K., Swartout, J. C., Swriley, C. AL F., and
Snawder, J. E. (2003a). Variance of microsomal protein and cytochrome
P450 2E1 and 3A forras in adelt human liver, Toxicel, Mech. Methods 13,
45-51.

McGee, J. K., Bvans, M. V., and Crapk, W. D). (1993). A versatile gas uptake
inhalation s

stem used in pharmacokinetic and metabolic studies of volatile

organic compounds. Toxicol. Methods 8, 199-212.

Medinsky, M. A.. Leavens, T. L., Csanady, . A., Gargas, M. L., and Bond,
I AL (1994). In vivo metabolism of butadiene by mice and rats: A conpar-
ison of physiological model predictions and experimental data. Carcinogen-
esis 15, 1329-1340.

Melnick, R. L., and Kobhn, M. C. {2000). Dose-response analyses of experi-
mental cancer data. Drvug Metab, Rev. 32, 193-209.

Melnick, R. L., and Sills, R. C. (2001). Comparative carcinogenicity of
butadiene, isoprene, and chloroprene in rats and mice. Chem.-Biol. Interact.
135136, 27-42.

Melnick, R. L., Silis, R. C., Portier, €. J., Roycroft, I. 1., Chou, B. I.,.Grum-
bein, S. L., and Miller, R. A, (1999). Multiple organ carcinogenicity of

ED_002897_00000152-00009

35%0Y//:d13Y WOIJ PaprofuMO(]

OJXO'L

9107 ‘¢1 1sn8ny uo 159n8 £q /F10 sjemmofpio



B-CHLOROPRENE DOSE

inhaled chloroprene (2-chloro-1,3-butadiene) in F344/N rats and B6C3F]

mice and comparison of dose-response with 1,3-bwtadiene in mice. Carci-

is 28, 867-878.

Muster, T., Cottrell, L., Hill, 5., Kronberg, L., Watson, W. P., and Golding,
B. T, (2002), Identification of adducts derived from reactions of (1-chlo-
roethenyijoxirane with nucleosides and calf thymus DNA. Chem. Res.
Toxicol. 15, 1549-1560.

NTP (1998). Toxicology and carcinogenesis stadies of chloroprene (CAS No.
126-99-8) in F344/N Rats and BOC3E1 Mice (Inhalation Studies), Technical
Report No. 467, NIH Publication No. 98-3957, National Institutes of Health,
Bethesda, MD.

Ramsey, I. C., and Andersen. M. E. (1984). A physioclogically based descrip-
tion of the inhalation pharmacokinetica of styrene in rats and humans.
Toxicol. Appl. Pharmacol. 73, 159175,

Reitz, R, H., Gargas, M. L., Andersen, M. E., Provan, W. M., and Green, T. L.
(19963, Predicting cancer risk from vinyl chloride exposure with a physio-
logically based pbarmeacokinetic model. Toxicol Appl. Pharmacol. 137,
253-67.

Reitz, R. H., Mendrala, A. L., and Guengerich, F. P. (1989). In vitro metab-

nogens

RESPONSE MODELING 37

olism of methylene chloride in human and animal tissues: Use in physio-
logically based pharmacokinetic models. Toxicol. Appl. Pharmacol. %7,
230-246.

Smith, B. R., and Bend, J. R. (1980}, Prediction of pulmonary benzolajpyrene
4.5-oxide clearance: A pharmacokinetic analysis of epoxide-metabolizing
enzymes in rabbit lung. J. Pharmacol. Exp. Ther. 214, 478482,

Sweeney, L. M., Himmelstein, M. W., and Gargas, M. L. {2001). Devel-
opment of a preliminary physiologically based toxicokinetic (PBTK)
model for 1,3-butadiene risk assessment, Chem, Biol, Interact. 135136,
303-322.

Trochimowicz, H. 1., Loser, E., Feron, V. J., Clary, J. 1., and Valentine, K.
{1998). Chronic inhalation toxicity and carcinogenicity studies on B-chlo-
roprene in rats and hamsters. fnfial. Toxicol. 18, 443-472.

Valentine, R., and Himmelstein, M. W. {2001). Overview of the acute, sub-
chronic, reproductive, developraental and genetic toxicology of B-chloro-
preae. Chem.-Biol. Interact. 135-136, 81-100.

Watson, W. P., Cottrell, L., Zhang. D., and Golding, B. T. (2001). Metabolism
and molecular toxicology of isoprene. Chem.-Biol. Interact. 135-136, 223~
238.

ED_002897_00000152-00010

35%0Y//:d13Y WOIJ PaprofuMO(]

OJXO'L

9107 ‘¢1 1sn8ny uo 159n8 £q /F10 sjemmofpio



